We have studied the magnetic field dependences of magnetic optical second harmonic generation ͑SHG͒ in MBE-grown Fe/ Cr/ Fe/ Ag/ GaAs͑100͒ heterostructures displaying both bilinear and biquadratic interlayer exchange coupling. The magnetic field H was applied in the ͑100͒ surface plane along both easy ͓͑001͔͒ and hard ͓͑110͔͒ axes of the in-plane fourfold magnetic anisotropy. The SHG has been measured in reflection at near normal incidence for different polarization combinations ͑pp , ps , ss , sp͒ of the fundamental and second harmonic light in longitudinal and transversal geometries. The magnetic field variation of the SHG signal clearly reflects the field-induced transformations of the magnetic state at the interfaces in the trilayer. It strongly depends on the configuration of light polarization, experimental geometry ͑longitudinal or transversal͒, and orientation of the magnetic field H relative to the crystal axes. In contrast to linear magneto-optical Kerr effect, which is odd in magnetic field, magnetic SHG is either even in H or does not display a definite parity at all, depending on the polarization configuration. We interpret the data based on a model accounting for nonmagnetic and magnetic contributions to SHG from the surface and interfaces described by C 4v point symmetry. Taking into account the changes of the mutual orientation of interfacial magnetizations allows us to describe the general features of the measured field dependences of SHG.
I. INTRODUCTION
Since its discovery in 1986 ͑Ref. 1͒ the coupling of thin magnetic layers ͑e.g., Fe, Co, Ni͒ separated by nonferromagnetic interlayers ͑e.g., Cr, Au͒ has been a subject of intensive studies. A compilation of the main results up to now can be found in a number of comprehensive reviews. [2] [3] [4] It was established, for example, that the parameters defining the actual magnetic state of the coupled system such as the interlayer exchange coupling strength, the saturation magnetizations of the layers, as well as the magnetic anisotropy can vary in wide limits and are governed by an appropriate choice of growth conditions. In particular, the strength of the bilinear exchange interaction J 1 ͑E bl =−J 1 M 1 M 2 , where M i is a unit vector along the magnetization direction of layer i, M i ͒ can be positive or negative depending on the thickness of the intermediate layer. In the former case it results in ferromagnetic ͑M 1 ↑ ↑M 2 ͒ and in the latter in an antiferromagnetic alignment ͑M 1 ↑ ↓M 2 ͒ of the magnetization directions of the magnetic layers. At the same time the biquadratic exchange coupling E bq =−J 2 ͑M 1 M 2 ͒ 2 stimulates an orthogonal orientation of the magnetizations ͑M 1 Ќ M 2 ͒ for dominant J 2 and J 2 Ͻ 0. The interplay between the two interaction parameters J 1 and J 2 causes the system to display a rich variety of different magnetic configurations ͑collinear ferromagnetic or antiferromagnetic, orthogonal, canted͒ depending on the applied field H. The stabilization of different magnetic configurations or "phases," which can be switched by relatively weak fields and which are often combined with large magnetoresistance effects ͓giant magnetoresistance ͑GMR͔͒, 5, 6 make exchange-coupled structures major building blocks for practical applications.
At present the bilinear exchange coupling is well described by theoretical models based on the Ruderman-KittelKasuya-Yosida picture. 4, [7] [8] [9] At the same time the sources of biquadratic coupling are not completely clear at the moment and different models accounting for various intrinsic or extrinsic factors have been proposed. [10] [11] [12] Among these the interface microstructure and magnetic properties at the interface are believed to play a major role in the appearance of the biquadratic coupling. 13 It is worth noting that up to now the static and dynamic magnetic properties of exchange coupled structures have been mainly studied by methods accessing bulk magnetic properties of the structures such as magneto-optical Kerr effect ͑MOKE͒, ferromagnetic resonance, and Brillouin light scattering. These methods allow one to determine bilinear and biquadratic coupling strengths, their variation with interlayer thickness as well as with the type and orientation of the substrate, etc. Some surface-specific approaches such as direct and inverse photoemission and spectroscopy have been used to elucidate the relation between interlayer coupling and quantum-well states in the interlayer.
14-16 X-ray magneto-optical techniques have been applied to study the magnetization distributions in multilayer structures. [17] [18] [19] All of these approaches do not directly provide information about the magnetic state and the behavior of the magnetization immediately at the interfaces. In order to distinguish between volume and interfacial contributions in the exchange coupling mechanisms, specific interface sensitive techniques are required. In this work the method of magnetic field-induced second harmonic generation ͑MSHG͒ is used to study the interfacial magnetization behavior in Fe/ Cr/ Fe exchange-coupled structures. Since the theoretical predictions in the 1980's [20] [21] [22] [23] and subsequent first experimental observations [24] [25] [26] [27] the method has been widely used and proved to be a highly sensitive tool to investigate surface and interfacial magnetic properties of thin films and multilayers. [28] [29] [30] [31] [32] The first theoretical activities 22, 23 were devoted to the treatment of MSHG ͑or nonlinear Kerr effect͒ from infinitely thin magnetic layers, where the electro-dipole SHG appears due to the breaking of the inversion symmetry at the surface or interface. The phenomenological model describing MSHG in magnetic multilayers formed by sequence of magnetic and nonmagnetic centrosymmetric thin films was elaborated in Refs. [33] [34] [35] . The theory of SHG in metallic sandwich structures of 3d metals covered by noble metals was developed to explain the appearance of SHG intensity oscillations due to quantum well states. 36, 37 In Ref. 38 the problem of boundary conditions of linear and nonlinear magneto-optical phenomena in multilayers is considered and expressions describing the linear Kerr effect and azimuthal dependences of MSHG for different interface point symmetries and experimental geometries are obtained. A theory of MSHG from arbitrary multilayer systems based on a consideration of the radiation from point dipoles and accounting for spatial derivatives of the nonlinear susceptibility tensors was developed in Ref. 39 . The theory was capable to explain a number of experimental results, such as dependence of MSHG on the angle of incidence, and was able to describe MSHG from systems containing buried ferromagnetic layers with small periodic magnetic domains.
Until recently, the experimental investigations of MSHG were mostly focused on probing surfaces or buried interfaces of single or sandwiched magnetic layers. 30, 40 At present, large interest has also emerged in the investigation of exchange-coupled as well as exchange-biased multilayer systems. However, only a few experiments devoted to this topic have been performed so far. In particular, the exchangecoupled bilayer system Fe 96 Si 4 /Dy 30 Fe 58 Co 12 characterized by competing magnetic anisotropies and CoO / Co/ NiO / Fe-Ni/ Cu tunnel junctions displaying nearly perpendicular interlayer coupling were investigated with MSHG in Refs. 32 and 41. The possibility to separate contributions from different interfaces in the total MSHG signal was shown. According to the predictions, this separation mainly profits from the discontinuity of the electric field profile of the incident radiation through the multilayer structure. The field dependences of MSHG in sandwiched Cu/ Ni/ Cu͑100͒ and exchange-coupled Ni/ Cu/ Ni/ Cu͑001͒ structures composed of ultrathin ͑Ϸ6 ML͒ magnetic layers were investigated in Ref. 42 . In this work the antiferromagnetic interlayer exchange coupling in the Ni/ Cu/ Ni trilayer was observed by means of MSHG due to the presence of localized quantum well states ͑QWSs͒ in the Cu spacer. The relation of reversible and irreversible uncompensated spins at the interfaces of FeMn/ FeNi bilayers with exchange bias was also studied by MSHG. 43 In Refs. 44 and 45 the method of MSHG has successfully been applied to study exchange bias in CoO / Cu/ Fe multilayers. The role of uncompensated spins at the interface in the exchange-bias structure was directly demonstrated.
Fe/ Cr/ Fe structures have been intensively studied over twenty years by different methods and can thus be considered as model systems not only for interlayer exchange coupling, but also for probing different aspects of the interfacial magnetism in such systems. Among these magnetic order and magnetic moment at the interface, proximity effects, the influence of interface roughness on biquadratic coupling and spin density wave formation are very interesting. The most recent results concerning bulk magnetic properties as well as interface probing of these structures can be found in Refs. 46-52. To the best of our knowledge, the investigation of MSHG in Fe/ Cr/ Fe systems displaying both bilinear and biquadratic interlayer exchange coupling has not been performed. Therefore, the goal of this work is to establish the connection between changes of the magnetic state at the interfaces in an applied magnetic field and changes of the MSHG observed in different experimental geometries. Establishing and understanding such a link are necessary steps for advancing studies of the interfacial magnetism in structures of this type.
In our studies we have chosen the thickness of the Cr interlayer such as to establish an antiferromagnetic coupling between the Fe layers of the Fe/ Cr/ Fe structures ͑t Cr Ϸ 10 Å͒. 13 The structures have been grown on GaAs͑100͒ by molecular beam epitaxy ͑MBE͒ providing a high crystalline quality of the layers and interfaces. The magnetic anisotropy in the sample plane of these structures is fourfold ͑biaxial͒ with the angle between two equivalent easy e 1 and e 2 ͑or hard h 1 and h 2 ͒ axes being 90°. The angle between corresponding easy and hard axes is 45°. That gave us the possibility to carry out measurements in longitudinal and transverse geometries by changing only the direction of the magnetic field by 90°while maintaining the orientation of the sample. In both geometries the magnetic field was directed either along an easy or hard axis. The choice of the structures was also determined by the fact that the component of SHG, which is linear in M is large, manifesting itself in a strong magnetic contrast. 53, 54 The analysis of the MSHG field dependences measured in the Fe/ Cr/ Fe structures is conducted on the basis of an effective susceptibility model discussed in the Sec. IV. For the modeling of the data we used the results of previous theoretical treatments, 32, 38, 39, 55, 56 taking into account that the angle of incidence in our measurements was close to normal incidence ͑ Ϸ 5°͒. This allowed us to simplify expressions and to link the values of MSHG in different polarization and magnetic field configurations to certain components of the magnetization vector. Using the geometry with small angles of incidence yields a mechanism to efficiently reduce the nonmagnetic contributions to SHG. Furthermore, this geometry also eliminates the problem of a discontinuity of the normal components of the electric field at the interfaces, i.e., the problem of boundary conditions. 38 In order to check the validity of this model we also used it to describe the MSHG field dependences measured along with conventional MOKE on more simple Cr/ Fe-wedge structures containing only one Fe layer of variable thickness. These measurements allowed us to assess the contribution of the bottom interface to the total MSHG signal in Fe/ Cr/ Fe structures as well as to estimate the values of effective susceptibilities.
The paper is organized as follows. In Sec. II experimental details of the SHG measurements and sample preparation are given. In Sec. III the results of the SHG field dependence measurements at different orientations of magnetic field and input-output polarization combinations of the light are presented. In Sec. IV the analysis and modeling of the field dependences is conducted based on expressions for SHG from surfaces and interfaces described by C 4v point symmetry and accounting for mutual changes in orientations of the magnetizations in the applied magnetic field. In Sec. V the limitations of the model are discussed. In Sec. VI, finally, the main results of the work are summarized.
II. EXPERIMENT
The geometry of the experiment is schematically shown in Fig. 1 . The exciting light pulses at = 800 nm ͑E ph = ប = 1.55 eV͒ and duration of 200 fs were generated by a Ti:sapphire regenerative amplifier with 1 kHz repetition rate and 1 mJ pulse power. After attenuation down to 15 J the pulses were focused into a spot of 0.6 mm diameter on the sample surface. The average power incident on the sample was about 15 mW. The SHG was measured in reflection at = 400 nm ͑E ph =2ប = 3.1 eV͒. The fundamental light at = 800 nm was rejected by placing a blue filter ͑BG-39͒ into the reflected beam. The SHG signal was recorded using a photomultiplier and photon counting technique. The counting time of each experimental point was 10-20 s. A magnetic field up to 3 kOe was applied parallel to the sample surface either in the plane of the incident light ͑longitudinal geometry͒ or perpendicular to it ͑transversal geometry͒. The angle of incidence was ͑ Ϸ 5°͒. The polarization of the fundamental and frequency-doubled light was chosen by a proper orientation of polarizer and analyzer allowing one to investigate the SHG signal in four different polarization combinations ͑pp , ps , ss , sp͒. The level of the SHG signals varied between 12 and 100 counts/ s depending on the geometry and polarization combination. The maximum value was observed for pp combination of polarizations. The dark count rate was always less than 1 count/ s. While rotating the polarizer the intensity of the excited light was kept constant ͑with an uncertainty of less than 5%͒ by means of a quarter wave plate placed just before the polarizer. The sample was mounted on a motorized rotational stage providing azimuthal rotation around the surface normal with high precision. The field dependences of the linear longitudinal Kerr effect ͑MOKE͒ in the Fe/ Cr/ Fe structures were measured with the same pulsed Ti:sapphire laser at an angle of incidence of 35°f or s polarization of the fundamental beam. A high sensitivity was achieved by using a differential photodetector and lock-in technique. The average power incident on the sample for the MOKE measurements was kept below 1.0 mW in order to avoid saturation of the detector.
For comparison with the Fe/ Cr/ Fe structures the field dependences of MSHG and longitudinal MOKE were also measured on the Cr/ Fe-wedge structures using the Ti:sapphire laser at = 800 nm and a cw diode laser at = 670 nm, respectively. The angle of incidence for these measurements was kept constant at about 10°for both methods.
The layer sequence of the Fe/ Cr/ Fe samples is schematically shown in Fig. 2 . As a substrate material GaAs͑100͒ wafers were used. The MBE growth was performed in a UHV chamber. To provide better epitaxy a thin ͑10 Å͒ Fe seed layer followed by a thick ͑1500 Å͒ Ag buffer layer were predeposited at 380 K on the in situ cleaned GaAs͑100͒ surface and annealed for 1 h at 570 K. 57 After that the ͑100 Å͒ Fe͑2͒ layer is grown. In order to prevent Ag segregation and simultaneously improve the interface quality, the substrate temperature was increased after the first 20 Å from room temperature to 480 K. 58 The ͑10 Å͒ Cr interlayer and the ͑50 Å͒ Fe͑1͒ layer were deposited at room temperature. Finally, the entire stack was covered at room temperature by 20 Å of Cr to prevent oxidation. Typical growth rates for Fe and Cr were 0.1 Å / s. The Fe and Cr layers crystallized in the cubic bcc structure with ͑100͒ being the plane of growth. The crystal quality of the samples was controlled in situ by reflection high-energy electron diffraction ͑RHEED͒. Details of the growth procedure and an extensive characterization of Fe/ Cr/ Fe trilayers grown under these conditions can be found in Refs. 13 and 58. The Cr͑20 Å͒ /Fe͑x͒ /Ag͑1500 Å͒ /Fe͑10 Å͒ / GaAs͑100͒ wedge structures with x varying from 100 to 500 Å along the ͓110͔ crystal axis ͑hard axis͒ were grown using the same recipe, except that the deposition rate of Fe was increased to 0.5 Å / s.
III. RESULTS
In Figs. 3͑a͒ and 3͑b͒ we present the magnetic field dependences of the normalized longitudinal MOKE signal measured in the Fe/ Cr/ Fe structure along the easy ͑e͒ and hard axes ͑h͒, corresponding to the ͓100͔ and ͓110͔ crystallographic directions in the plane of the sample, respectively. When the magnetic field is applied along the easy axis the Kerr rotation is characterized by strong jumps at H = 0 and weaker jumps at H 1 = ± 0.35 kOe and H 2 = ± 0.90 kOe. At H = 0 the bulk magnetizations M 1 and M 2 are oriented antiparallel along the easy axis, because the thickness of the Cr interlayer t Cr = 10 Å yields antiferromagnetic coupling in the J 1 ͑d Cr ͒ dependence. 13 Nevertheless, the total magnetization M = M 1 + M 2 of the structure is nonzero, because the thickness of the Fe͑1͒ layer is only half of Fe͑2͒. The penetration depth of the laser light in the MOKE experiment is such that it also picks up a sizable Kerr signal from the bottom Fe͑2͒ layer. The jump at H = 0 thus corresponds to a switching of M into the opposite direction, i.e., a simultaneous reversal of M 1 and M 2 . The jumps at H = ±H 1 are caused by transitions into a nearly orthogonal phase M 1 Ќ M 2 , whereas the jumps at H = ±H 2 mark the transition into the saturated state M 1 ʈ M 2 ʈ H. When the magnetic field is applied along the hard axis the field dependence shows jumps at H = 0 and H 3 = ± 0.32kOe. In this case, the magnetic field is oriented under ±45°to the easy axes. The jump at H = 0 might correspond either to the magnetization reversal M → −M or the change of the direction of M by 90°. In both cases, the M x component of the total magnetization responsible for longitudinal Kerr effect changes sign. The jumps at H = ±H 3 arise due to a transition into a nearly orthogonal state. The saturated state is finally achieved by a subsequent rotation of the magnetizations in a field H s Ϸ ± 2.5kOe. The various magnetic configurations-which we will call phases in the following-that the system passes through when the magnetic field is applied along easy and hard axes are schematically presented in Fig. 4 .
It has to be noted, that in both cases considered ͑H ʈ h and H ʈ e͒ a magnetic domain structure can be formed, because magnetization states, which have a different sign of the magnetization component perpendicular to H are energetically equivalent. For H ʈ e a domain structure may occur in the range of fields where an orthogonal phase exists. For H ʈ h, domains can exist in the entire range of fields −H s Ͻ H Ͻ H s , where H s is the saturation field. For example, at H = 0 the magnetization vectors in these domains are directed along the easy axes with the angle between them being 90°. Energetically equivalent states are shown in Fig. 4 above and below the field axes.
In Figs. 5 and 6 we show the dependence of the MSHG signal on the external field measured in the Fe/ Cr/ Fe structure for pp and ss combinations of the polarizations of the fundamental ͑͒ and the generated ͑2͒ light. The figures compile data for longitudinal and transversal geometries with the magnetic field applied along easy and hard axes. In all cases, we clearly observe significant changes in the SHG intensity level at the fields where transitions between different magnetic configurations ͑"phases"͒ take place ͑compare to Figs. 3 and 4͒. The shape of these SHG variations depends essentially on both the experimental geometry ͑longitudinal or transversal͒ and on the combination of the polarization states. In contrast to the linear MOKE signal-which is an odd function of the magnetic field-the SHG field variations are even in ss and ps combinations of polarization states. In the pp and sp combinations, however, they do not possess a defined parity at all ͑ps and sp are not shown in Figs. 5 and 6͒. As a consequence, the jumps at H = 0, which are clearly seen in linear MOKE do not appear in MSHG for certain polarization combinations. They are only seen for pp and sp polarizations in transversal geometry, when the magnetic field is applied along both easy and hard axes. When magnetizing along the easy axis ͑H ʈ e͒, the jumps at H = ±H 1 are clearly seen for pp and sp in longitudinal geometry and for pp, ss, ps, sp polarization combinations in transversal geometry. The jumps at H = ±H 2 are seen for pp, ss, sp, and ps polarizations in longitudinal geometry and also observed for pp and ss polarizations in transversal geometry. Upon magnetizing along the hard axis ͑H ʈ h͒, the jumps in the SHG signal take place at H = ±H 3 and appear both in the longitudinal and transversal geometries for pp, ss, sp, and ps polarizations. The count rate in longitudinal geometry for pp and ss polarization combinations was about 80 and 50 counts/ s, respectively, and about 100 and 12 counts/ s in transversal geometry.
One can see in Fig. 6͑a͒ that the field dependence in longitudinal geometry for pp polarization principally differs from those measured in other polarizations and geometries, as well as from the Kerr effect. Only in this particular case the broad hysteresis with jumps taking place in the field range H s Ͼ ͉H 4 ͉ Ͼ H 3 is observed. It should be noted that sometimes the jumps happen at the field values ±H 3 corresponding to the transition into the orthogonal phase. In Fig. 7 we present the field variations in this geometry measured when the magnetic field is applied along both equivalent hard axes h 1 and h 2 of fourfold ͑biaxial͒ in-plane magnetic anisotropy, which are perpendicular to each other, as well as at an angle of ±20°away from one of the hard axes. We mention, that the shape of hysteresis depended on the position of the illuminated spot and, as it is seen in the Figs. 7͑a͒ and 7͑b͒, the jumps at the fields H = ±H 3 can be accompanied by a partial or a complete change of magnetic state. A deviation of the magnetic field direction from the hard axis results in the disappearance of the broad hysteresis feature ͓Figs. 7͑c͒ and 7͑d͔͒.
It has to be noted that the pulse energy density of fundamental beam used in our experiment is relatively small and we can neglect a possible demagnetization of the sample induced by the pump pulse, as is observed in time-resolved pump-probe experiments. 59, 60 The following arguments additionally support this assumption. First, one should keep in mind that the SHG is a coherent process and generated on the time-scale of the pulse duration of Ϸ0.2 ps. The demagnetization happens with some delay defined by the spinelectron thermalization time, which is Ϸ0.1 ps. Thus, the maximal temperature of the spin subsystem is achieved just after the pulse termination. Secondly, we found that the MSHG and MOKE field dependences measured simultaneously in Fe/ Cr/ Fe and Cr/ Fe-wedge structures can be nicely described by the same values of magnetic energy potential ͑solid lines in Fig. 11͒ . This clearly demonstrates that demagnetization does not play an important role in our measurements and can be neglected. Thirdly, we found experimentally that the shape of the field variations of the SHG did not change with an Ϸ25% intensity modulation of the fundamental beam.
IV. MODELING
In order to describe the field variations of the SHG signal in our experiments we employed a model considering the surface ͑air/Cr boundary͒, Cr/Fe͑1͒, Fe͑1͒ / Cr, Cr/ Fe͑2͒, Fe͑2͒ / Ag interfaces as possible sources of electric-dipole SHG. As long as all layers crystallize in centrosymmetric structures, electric-dipole contributions from the bulk to SHG are absent. A volume contribution may arise due to quadrupole terms, but they are much smaller and we will neglect them in the following. The contributions to SHG from the interfaces below the thick Ag layer ͑d = 1500 Å͒ are also negligible, because of the absorption in this layer. The nonmagnetic electric dipole contributions to SHG can arise from the surface as well as from interfaces. The magnetic contributions to SHG can only arise from Cr/ Fe͑1͒, Fe͑1͒ / Cr, Cr/ Fe͑2͒, and Fe͑2͒ / Ag interfaces. These contributions arise from 1 or 2 atomic layers at the interface and are related to interfacial magnetizations m i of the Fe layers. We consider the value of the interfacial magnetization to be the same at all interfaces, although the volume magnetizations of the layers Fe͑1͒ or Fe͑2͒ are different, because of the asymmetry in the layer thicknesses. Therefore, we neglect interface induced moments in Cr and Ag as well as reduced or enhanced interfacial moments in Fe. We assume, that the symmetry of the surface and all interfaces is described by the C 4v symmetry group, since all layers are crystallized in a cubic bcc structure with a ͑100͒ surface orientation. For that symmetry the nonmagnetic contribution to SHG is described by a polar tensor ijk n of rank 3, which contains seven nonvanishing tensor components, with three of them being independent xzx n = xxz n = yzy n = yyz n , zxx n = zyy n , zzz n . 22 A magnetically induced contribution in longitudinal and transversal geometries is described by tensor ijk m , which contains ten independent nonvanishing components, whereby five of them are even and five odd under magnetization reversal. The components even in magnetization coincide with the surface nonmagnetic ones in considered geometries. The intensity of the SHG light originates from an interference of the waves with frequency 2, generated at the surface and interfaces. Using the equations given in Refs. 55 and 56, taking into account a nearly normal incidence ͓sin͑͒ Ͻ Ͻ1͔, and neglecting terms proportional to 2 , as well as even in magnetization and linear in terms in the magnetic part of the nonlinear optical susceptibility appearing for pp and sp combinations of polarizations, it is straightforward to extract the contributions to SHG from one interface ͑or surface͒ for different polarization combinations, which are listed in Table I .
In our consideration the components of the tensor ijk = ijk n + ijk m = ijk n + ijkl m m l are defined in the physical coordinate system ͑Fig. 1͒. For isotropic films the crystallographic axes are not unambiguously defined in the plane of the film and can be chosen arbitrary. Therefore, the components of the tensor ijk n do not depend on rotation about the surface normal ͑z axis͒. Since for the C 4V symmetry the components of the tensor are the same as for the isotropic case, they do not change upon rotation as well. At the same time some components of the tensor ijkl m change upon rotation according to the rules 38 
, where primed components refer to the crystallographic coordinate system and is the angle between the crystallographic ͓100͔ and x axes. We concentrate on the two most important cases, namely, when the magnetic field is applied along easy ͓100͔ ͑ =0͒ and along hard ͓110͔ ͑ =45°͒ axes. Obviously, in the latter case the transformation of the tensor components must be accounted for in calculations of the total SHG signal. As it follows from the Table I the nonmagnetic SHG appears in pp and sp polarizations. The terms proportional to m x appear in ps and ss polarizations, while the ones proportional to m y show up in pp and sp polarization combinations. The structure of the tensor ijk = ijk n + ijk m is the same for the surface and the different interfaces. Thus, in order to describe the magnetic contributions to SHG from the Fe͑1͒ and Fe͑2͒ layers it is convenient to use the effective nonlinear susceptibilities klm eff,1 and klm eff,2 , which are associated with the interfacial magnetizations m 1 and m 2 , correspondingly. However, introducing effective susceptibilities one should keep in mind that both "top" and "bottom" interfaces of each Fe͑i͒ layer contribute to the effective susceptibilities klm eff,i . For example, for the Fe͑1͒ layer, these are the Cr/ Fe "top" and Fe/ Cr "bottom" interfaces ͑see Fig. 2͒ . Because in the ideal situation these interfaces are related by space inversion symmetry and the tensor describing the magnetic contributions to the SHG intensity is odd under this symmetry operation, the components klm i,up and klm i,down have the same value, but differ in sign. If we neglected the change of the intensity and phase of the exciting light at the "top" and "bottom" interfaces and the absorption of SHG in magnetic layer, the magnetic contributions to SHG from "top" and "bottom" interfaces would eliminate each other. However, the nonzero MSHG signals show the importance of these intensity and phase differences from the two interfaces. Note that the SHG intensity from the bottom Fe͑2͒ layer is smaller than from the top Fe͑1͒ layer, because of the absorption of light on the way to the surface. Therefore, we assume that the abovementioned changes of the phase and intensity and also possible nonequivalence of top Cr/ Fe and bottom Fe/ Cr interfaces ͑see Sec. V for the discussion of model limitations͒ are already included in the effective susceptibilities. Thus, the intensity of the SHG signal can be written in the form
where A is a parameter depending on the intensity of the fundamental light, ␣ and ␤ are indices meaning s or p depending on the light polarization, and ␥ = x , y , z. are complex. As follows from Eq. ͑1͒ the contributions to the SHG signal linearly dependent on the magnetization arise from an interference between magnetic and nonmagnetic terms. Using Eq. ͑1͒ and setting the magnetization components of m 1 and m 2 according to the field-dependent magnetization phases ͑Fig. 4͒ in the longitudinal and transversal geometries, we simulated the field dependences of SHG for easy and hard axes.
A. Magnetic field along easy axis
When magnetized along the easy axis the changes of the magnetic structure may be approximately ͑neglecting magnetization rotation processes͒ represented in the form of transitions between collinear antiferromagnetic, orthogonal, and ferromagnetic phases ͓Fig. 4͑a͔͒. The changes of the interfacial magnetization components in longitudinal and transversal geometries for a magnetic field directed along the easy axis are compiled in Table II . The SHG intensity described by Eq. ͑1͒ may contain linear and quadratic terms in m as well as nonmagnetic contributions. Terms quadratic in m and nonmagnetic contributions do not change upon magnetization reversal and their sum I mid is the same for +H and −H. In contrast, the sign of the contributions linear in m ͑called ⌬I /2͒ charges under magnetization reversal and is different for +H and −H. Both I mid and ⌬I / 2 depend on the mutual orientation of the layer magnetizations m 1 and m 2 and differ in the various magnetic phases I to III. In Table III the expressions for these contributions in longitudinal and transversal geometries obtained through Eq. ͑1͒, Table I and Table II are presented.
In Fig. 8 the simulated field dependences of the MSHG response for pp and ss polarization combinations in longitudinal and transversal geometries at H ʈ e are displayed. The values of the parameters r ␣␤␥ 1 , r ␣␤␥ 2 , and r ␣␤ have been chosen such as to obtain a qualitative agreement of experimental and calculated curves. As one can see in Fig. 8 in accordance with the experimental curves ͑Fig. 5͒ the MSHG is an even function of the magnetic field in ss polarization combination, whereas the pp polarization field dependences do not exhibit a defined parity. The reversal of m 1 and m 2 at H Ϸ 0 does not manifest itself in longitudinal geometry in pp, and is also absent for both geometries in the ss signal. The result for the pp configuration is due to the fact that the component m x does not contribute to MSHG in longitudinal geometry. For the ss configuration in longitudinal and transversal geometries the interference with the nonmagnetic SHG contribution is absent and in the transversal geometry in the regions ͉H ͉ Ͻ H 1 and ͉H ͉ Ͼ H 2 the magnetic contribution to SHG is absent. These features are also present in the experimental field variations ͑Fig. 5͒. The absence of the jump at H = ±H 1 Fig. 5͑b͔͒ . That offers a chance to extract the azimuthal angle ͑͒ of the magnetization m 1 as a function of the field. For example, at H = H 2 , = 43°. Note, that in the magnetization curves in the longitudinal MOKE the rotation of the magnetization shows up less pronounced, because in this case the rotation of the polarization plane measured in the experiment is associated with components of both bulk layer magnetizations M 1x and M 2x . The fact that in the longitudinal geometry in pp polarization the jumps at H = +H 1 and H =−H 1 ͑as well as at H = +H 2 and H =−H 2 ͒ have different signs shows that the rotation of magnetization m 1 in the field H = +H 1 and H =−H 1 occurs into different directions, i.e., at H = ±H 1 , = ± 90°. Note, that the direction of magnetization rotation m 1 for the magnetic field oriented along the easy axis is not defined by the strength of bilinear or biquadratic coupling or magnetic anisotropy. When accounting only for these interactions the states with = ±90°are equally likely. The stabilization of one of these states might be associated with a small deviation of the magnetic field from the easy axis. In our experiments the misalignment of the field with the easy axis was less than 3°. It turns out that this misalignment was sufficient for realizing a monodomain structure over the whole field range.
In the transversal geometry in ss polarization the SHG signal in our model is related to the appearance of a m 1x component in the range of H 1 Ͻ ͉H ͉ Ͻ H 2 . The field dependence of the SHG is symmetrical and shows two peaks in the field ranges ͑−H 2 ,−H 1 ͒ and ͑H 1 , H 2 ͒ ͓Fig. 8͑d͔͒. In Fig. 5͑d͒ these two peaks appear along with the weak background of the field-independent SHG. The origin of the background might be associated with the presence of the structural defects or quadrupole contributions to the SHG. The changes of the SHG in this and the longitudinal geometry are defined by changes of the m 1x = m sin͑͒ component.
The analysis of the field dependences of the SHG for different polarization combinations and geometrical configurations allows us to extract a relation between the different components of the nonlinear susceptibilities, e.g., ͉r ppy 2 ͉ / ͉r ppy 1 ͉ Ϸ0. 
B. Magnetization reversal along hard axis
When the field is applied along the hard axis, in principle, several equivalent magnetic states may exist, because in this case there are two easy axis in each magnetic layer, oriented under ±45°to the magnetic field direction. Consequently, the magnetic states characterized by the same components of m 1 and m 2 along the magnetic field and components perpendicular to the magnetic field of different sign have equal energies. Here we consider the situation of a monodomain structure, with magnetic states in the field +H and −H being transformed into each other by the time reversal operation ͑m 1 → −m 1 , m 2 → −m 2 ͒. For modeling this situation it is sufficient to define the SHG in different phases realized in this geometry at ͑i͒ H =0 ͑antiferromagnetic m 1 ↑ ↓m 2 
‫ؠ‬ ͒, and ͑iii͒ H Ͼ H s ͑saturation area, m 1 ʈ m 2 ʈ H͒. The expressions for SHG for the case of ͑H ʈ h͒ are shown in Table IV .
The simulated field variations of the MSHG signal in Fe/ Cr/ Fe structures for different combinations of polarizations in longitudinal and transversal geometries are presented in Fig. 9 . The same parameters r ␣␤␥ 1 , r ␣␤␥ 2 and r ␣␤ as in Fig.  5 have been used to simulate these field variations.
The comparison with experiment ͑Fig. 6͒ shows that our model satisfactory describes the characteristic field dependences of the SHG in ss polarization for longitudinal geometry and pp polarization for the transversal geometry. At the same time for the longitudinal geometry, however, we find significant discrepancies when comparing to the experimental results in pp polarization ͑see Figs. 6 and 7͒. The field variations of the SHG signal in this geometry principally differ from the MOKE and SHG response in other geometries and polarization configurations. The main discrepancy consists in the width of the hysteresis loop, which is at least one order of magnitude broader than in the other cases. The field values at which the strong jumps of the SHG signal are observed ͑H 4 = ± 0.90kOe͒ do not coincide with the respective values in the linear Kerr effect measurements ͓see Fig.  3͑b͔͒ .
Since for pp polarization in longitudinal geometry the SHG changes are given by the m 1y and m 2y components of the interfacial magnetizations, we must conclude that the strong jumps of the MSHG observed at ±H 4 are associated with changes of mainly these components. We therefore have to expand our set of possible magnetic configurations considered so far. Magnetic state transformations, which are compatible with the observed changes of MSHG are shown in Fig. 10 .
As the magnetic field decreases from the saturation value the magnetizations m 1 and m 2 rotate towards each other and finally arrive in an orthogonal state. At +H 3 the jumplike transition from the orthogonal to the antiferromagnetic configuration takes place, with the direction of m 1 being changed by 90°. At H = 0 the orientation of the magnetization vectors change, with the sign of their x components reversing and the y components remaining unchanged. At the field −H 3 m 1 rotates by 90°so that the projection of the total magnetization M = m 1 + m 2 on the field axis increases. In the field −H 4 the magnetic state of the trilayer changes by jumping into another state characterized by a sign reversal of the y components of m 1 and m 2 . A further increase of the field brings the system into saturation by means of magnetization rotation. Going from saturation at −H s in the opposite direction to +H s the magnetic state transformations happen in a similar sequence. Thus, jumps of the longitudinal x component in this geometry appear at H = 0 and H = ±H 3 . They show up in the longitudinal MOKE loops, but do not manifest themselves in MSHG in the longitudinal geometry. The jumplike changes of the y components of m 1 and m 2 at H = ±H 4 , vice versa, can be discerned in MSHG, but do not appear in linear MOKE. The driving force for the transitions between two nominally degenerate states at H = ±H 4 might be due to a symmetry-breaking mechanism, for example, the presence of a small nonzero H y component caused by a minute deviation of the magnetic field from the hard axis. When this deviation becomes larger, however, the broad hysteresis in this geometry disappeared and only narrow loops were observed ͑Fig. 7͒. The experiment shows that the energy barrier between these nominally equivalent states is small and transitions between them could happen not only at the field H 4 , but even at the smaller field ±H 3 , where the magnetic system switches into the orthogonal phase. It can be seen in Fig. 7͑a͒ that at H =−H 3 the trilayer exhibits a partial and at H = +H 3 a full transition into the other state. The partial transition evidences that only in some part of the illuminated area on the sample the magnetic state transformation happened. Thus, the partial transformation is likely to be associated with the nucleation and growth of a new domain state by means of domain wall movement.
Upon magnetizing along the easy axis H ʈ e in the longitudinal geometry in the pp polarization combination the broad hysteresis feature is absent. In this case, the change of the magnetic state in the region around H = 0 happens between two monodomain states, with the sum magnetization M being parallel to the easy axis e and pointing into either one of the two directions. The system may switch to different energetically equivalent states only in the field regions where the canted phase is realized, ͑−H 2 ,−H 1 ͒ and ͑H 1 , H 2 ͒. In this situation, the presence of even a small angle between the direction of the magnetic field and the easy axis is enough to stabilize a monodomain state. In contrast to that, when applying the field along the hard axis H ʈ h, there is a probability of switching into different energetically equivalent states ͑see Fig. 4͒ already in the field regime close to H = 0. The experiment shows that transitions happen so that only the sign of the m x component changes, but the one of the m y component remains unchanged. In this case, transitions between states of oppositely oriented m y components are also possible, when H is not exactly parallel to h.
Also in the transversal geometry in pp polarization the broad hysteresis feature in MSHG was not observed. In this case, in contrast to the longitudinal geometry, jumps of the m y components of m 1 and m 2 are absent. For the ss polarization, in spite of the fact that the SHG arises from the m x components, the jumps at H = ±H 4 are also absent, because there is no interference with the nonmagnetic part of the SHG. In this case SHG intensity depends quadratically on the magnetization components and the field dependence is an even function.
With the aim to check the validity of the model of effective susceptibilities as well as to estimate the influence of the bottom interface on the susceptibility values in Fe/ Cr/ Fe structures the field dependences of MSHG along with conventional MOKE were also measured on simpler Cr͑20 Å͒ /Fe͑x͒-wedge structures containing only one Fe layer of variable thickness ͑x = 100− 500 Å͒. In Fig. 11 Ј m, r ssx Ј m, and cos͑␦͒ ͑where ␦ is phase shift between corresponding susceptibilities͒ are defined by the values of the MSHG intensity at field values, where the direction of the magnetization is known. These are the saturation area I͑H = ±H sat ͒, the points near the zero field ⌬I /2͑H Ϸ ±0͒, and the middle point at zero field I mid ͑H =0͒. The procedure of finding is based on minimization of the magnetic energy potential W m taking into account the biaxial in-plane magnetic anisotropy and the Zeeman energy, i.e.,
The magnetization value M = 1.71 kG of bulk Fe and anisotropy constant K 1 = 0.46ϫ 10 6 erg/ cm 3 have been used to calculate . 62 In Fig. 11 the calculated field dependences of MSHG are shown by solid lines and are found to be in good agreement with the experimental data for the following relations between for the effective susceptibilities r ppy Ј m / r pp = 1.8, r ssy Ј m / r pp = 1.6, cos͑␦ 2 ͒ = 0.64. For the considered film of thickness x = 490 Å the influence of the bottom Fe/ Ag interface on the MSHG signal is practically absent because of the large absorption in the volume of the film. Therefore the extracted nonlinear susceptibilities characterize only the top Cr/ Fe interface. As the thickness decreases below x = 150 Å the shape of the field dependences and the values of the nonlinear susceptibilities remarkably change reflecting the contribution from the bottom Fe/ Ag interface. In the inset of Fig. 11͑a͒ the field dependence of the longitudinal MOKE calculated using the same parameters for the magnetic potential W m as for the MSHG calculations are also shown. The fact that the field dependences of MSHG and MOKE can be described by the same magnetic potential, in particular, evidences that demagnetization processes induced by the light pulse practically do not appear in our measurements. We note that the magnetization rotation processes are significantly more pronounced in MSHG measurements in comparison with MOKE. In areas of Fig. 11 , where the magnetization rotates, the MOKE signal is modified by about 30% of the maximal value, while for MSHG changes are Ϸ70 and Ϸ90 % for pp and ss polarization combinations, respectively.
V. LIMITATIONS OF THE MODEL APPROACH
Our model of a coupled magnetic structure taking into account the individual interfacial contributions to the MSHG gives in most cases a satisfactory qualitative description of the field dependences observed in different geometries and combinations of polarizations. Nevertheless, we also find distinct discrepancies between the model predictions and the experimental results, which should be noted. First of all, the model yet fails to explain the significant difference of the SHG intensities in longitudinal geometry and pp polarization for positive and negative fields in the saturation region ͉͑H ͉ Ͼ H s ͒, when H ʈ e ͓Fig. 5͑a͔͒. In addition, it does not account for the presence of jumps of the SHG signal in ss polarization, when magnetizing along the hard axis ͓Fig. 6͑d͔͒. These shortcomings of the theory point out that the assumptions made in the model are probably still too simplified. The description can be improved, if linear in terms in the magnetic nonlinear optical susceptibility, which were neglected in our model, because of the smallness of , are taken into account. The linear in term proportional to m z appearing in the ps combination of polarizations ͑see Table I͒ does not contribute to the SHG intensity, because the magnetization lies in the plane. However, the contribution proportional to m x in the pp combination of polarizations might be responsible for the abovementioned difference visible in the SHG intensities in the saturation region for positive and negative fields. If so, one can conclude that the magnitude of xzx m and zxx m is at least one order of magnitude larger than the other components. The description might also be improved, if quadrupole contributions to the SHG intensity would also be included into our model. 63, 64 Two other mechanisms possibly giving rise to the discrepancies may be considered in the following. The first of them FIG. 11 . ͑Color online͒ Field variations of the MSHG ͓E ph ͑2͒ = 3.1 eV͔ signal measured for a Cr͑20 Å͒ /Fe͑x͒-wedge sample at x = 490 Å in longitudinal geometry for pp ͑a͒ and ss ͑b͒ polarization configurations at magnetic field along hard axis. The inset shows a MOKE measurement at E ph ͑͒ = 1.85 eV. The red solid lines are simulations.
is associated with the real symmetry of the interfaces. If the symmetry of at least one of the interfaces is lower than C 4v , in the tensor of the nonlinear susceptibility klm new additional components will appear changing the relations between the individual SHG contributions and the magnetization components, which we have derived in Table I . In particular, additional terms may appear proportional to m x components for the pp polarization and proportional to the y components of the interfacial magnetizations for the ss polarization. The contribution of such terms may lead to new features in the simulation, which are not described by the present model approach. However, the symmetry lowering of the interfaces is not likely. The anisotropy of the magnetic and optical properties, as well as the x-ray analysis of the trilayers clearly show the presence of a fourfold axis perpendicular to the plane of the substrate. Therefore, the possible symmetry lowering may only go from a point group C 4v to C 4 . This is possible, if the crystallographic axis of the bottom layer does not coincide with the axis of the top one, but is rotated by a significant angle. In this case the symmetry element v vanishes at the interface, but the C 4 axis is preserved. It seems that such a mechanism should be excluded, because it would be visible in the RHEED and LEED characterizations. It has to be noted, however, that microscopically the symmetry lowering might arise as a consequence of the interface being nonideal. The latter may arise due to interdiffusion of atoms of the neighboring layers or the presence of an atomic scale roughness at the interface. It is known, that about 0.1 ML of Fe diffuses into an Ag substrate. 3 The same is observed, when Cr is deposited on Fe. It is found that about 50% of the Cr atoms mix with Fe at a substrate temperature of 300°C and the interface mixing is mostly confined to two atomic layers. [65] [66] [67] [68] At the same time the interface alloying is an asymmetrical effect and it does not occur, when Fe is deposited on Cr as well as when Ag is deposited on Fe. Therefore, the Fe/ Cr and Cr/ Fe interfaces are not absolutely identical with respect to the stoichiometry. In the model considered this stoichiometric difference will show up as a difference of the absolute values of the tensors ijk uo and ijk down . However, because in our model we used only effective tensors ijk eff , we must point out that inclusion of this aspect will not change the results. The diffusion of atoms might result in the appearance of microscopical areas with lower symmetry at the interface. Nevertheless, if the distribution of the interdiffused atoms at the interface is random and does not display a certain order, the macroscopic symmetry remains an unchanged C 4v . Similar arguments may also be applied when considering the role of the interface roughnesses.
The second source, which could be responsible for the discrepancies of the model approach is associated with peculiarities of the interfacial magnetic structure. We assumed in our model that magnetic contributions in the nonlinear susceptibility arise only from the interfacial magnetizations of the Fe layers m 1 and m 2 . In principle, the magnetic structure of the interface can be more complicated and may contain contributions of additional magnetic parameters characterizing the magnetic state of the intermediate layer, for example, a magnetization or antiferromagnetic moment of the Cr layer. 69 Several experimental and theoretical studies indicate that the first interfacial layer of Cr is in-plane ferromagnetically ordered and antiferromagnetically coupled to the Fe substrate. 52 In order to account in our model for the FM moment of Cr near the interface, it will be necessary to introduce additional nonlinear susceptibilities. For the case that the magnetic moments of Cr and Fe are strongly coupled and collinear, accounting for these susceptibilities leads only to a renormalization of the tensors ijk eff . The situation is principally different, however, if the magnetization of Cr aligns perpendicular to the Fe magnetization, e.g., due to frustrated magnetic nearest-neighbor interactions. 70 The presence of a perpendicular spin component in the Cr interlayer might, in principle, give rise to the abovementioned features of SHG in pp polarizations for H ʈ e and ss polarizations at H ʈ h.
VI. CONCLUSIONS
Our investigations of magnetic second harmonic generation in exchange-coupled structures showed that this method is quite suitable to investigate in detail the various magnetic transitions occurring during a magnetization reversal cycle. It provides a means to separate the behavior of the individual components of the interfacial magnetizations m 1 and m 2 . The study of the MSHG in certain combinations of polarizations and geometries allows one to follow the rotational processes of the interfacial magnetization contributions and the switching of their different components, when changing the magnetic state of the structure. As demonstrated, the MSHG approach is able to clearly resolve magnetic switching events in the trilayer, which may not be seen by traditional methods, e.g., by linear Kerr effect. In addition, as one can see from the comparison of field dependences of MSHG ͑Figs. 5 and 6͒ and MOKE ͑Fig. 3͒ the magnetization rotation processes are much more pronounced in the former. This, in principle, allows modeling of the magnetic thermodynamic potential more precisely and to define the parameters of magnetic anisotropy, bilinear and biquadratic interlayer exchange coupling with better accuracy than from the field dependences of linear MOKE alone. The main features of the MSHG field variations observed in the Fe/ Cr/ Fe structures are qualitatively described by the model, which suggests that the fieldinduced changes of the magnetic states at the interfaces take place in grosso modo analogously to that in the bulk of the films. At the same time some explicit distinctions are observed, giving evidence that the magnetic interface states nevertheless differ from the bulk ones. This brings up the point that in order to describe magnetic states of interfaces it is not sufficient to take into account only the layer magnetizations M 1 and M 2 , but a careful consideration of the magnetic state of the interlayer and of the interfaces is also needed.
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